In current molecular epidemiology studies, a wide range of methods are used to monitor early biological effects after exposure to xenobiotic agents. Gene expression profiling is considered a promising tool that may provide more sensitive, mechanismbased biomarkers. As a first step toward obtaining information on the applicability of gene expression profiles as a biomarker for early biological effects of carcinogen exposure, we conducted in vitro studies on human peripheral blood mononuclear cells (PBMC). We used cigarette smoke condensate (CSC) and a selection of its genotoxic constituents as model agents, applying cDNA microarray technology to investigate modulated gene expression. In independent experiments using cells from several donors, quiescent PBMC were exposed for 18 h, followed by gene expression analyses on a microarray containing 600 toxicologically relevant genes. The search for candidate biomarker genes was binomial: first we looked for genes responding similarly to all agents; second, for agent-specific genes. Many genes were significantly deregulated by all compounds, but as the direction of deregulation frequently differed per agent, they are not useful as generic biomarkers. Cigarette smoke condensate modulated the expression of many more genes than any of its constituents, with the largest effect in SERPINB2. The affected genes are involved in immune or stress responses, but surprisingly no genes involved in DNA damage response were modulated, and only a few in DNA repair. In conclusion, several genes have been identified as potential biomarkers for population studies on early biological effects caused by cigarette smoke exposure, but no genes were identified that represent a generic biomarker.
INTRODUCTION
Today, a range of biomonitoring methods is available for biomonitoring humans for the possible adverse effects caused by environmental exposure to hazardous compounds. Most of these methods have been developed to determine early biological effects due to exposure to xenobiotics. In general, these effects are detectable long before a diagnostic health effect appears (Bonassi and Au 2002; van Delft et al., 1998) , but generally different methods have to be applied for each health effect and for each agent or class of agents. It would be of profound benefit to molecular epidemiology to develop methods that would give (mechanism-based) information on several health effects simultaneously, and that would be more suitable for monitoring effects at low exposure levels. Gene expression profiling is considered a promising tool to fulfill these needs. It is believed that the greatest potential for new biomarkers of early effect lies in toxicogenomics (Toraason et al., 2004) , which can be defined as a field of study that integrates toxicology and genomics and examines how the entire genome responds to toxicants or other environmental hazards (Cunningham et al., 2003; Waters et al., 2003) .
Chemical carcinogenesis by environmental and occupational pollutants, as well as by life-style factors like nutrition and tobacco smoke, is of major interest in molecular epidemiology. Very likely, cigarette smoke is the main external source for human exposure to carcinogens (Villard et al., 1998) . Cigarette smoke contains over 4000 chemicals, including approximately 60 proven, probable, and possible carcinogens according to International Agency for Research on Cancer (IARC) standards (Smith et al., 2003) . Cigarette smoke and a number of its chemical constituents are known to induce a broad range of (biomarkers of) genotoxic precarcinogenic effects-e.g., DNA adducts, micronuclei, chromosome aberrations and mutations-which have also been applied in molecular epidemiology studies using peripheral blood mononuclear cells (PBMC) as target cells (De Flora et al., 2003; Van Schooten et al., 1998) .
In molecular epidemiology, target cells for toxic action are routinely not obtainable, because highly invasive procedures would be required. However, for more than 10 years, evidence has been available that accessible cells, such as PBMC, can be used as surrogate target cells to monitor effects in target tissues (Godschalk et al., 2000; Rockett et al., 2004) . Thus, these surrogate target cells also seem to be best suited for a biomonitoring method based on gene expression profiling. Up until now, only a few studies on gene expression profiling in cells from exposed humans have been performed. Wu et al. (2003) described altered gene expressions in PBMC as result of exposure to arsenic, and their study demonstrated the potential of the technology to identify candidate biomarker genes. Recently, in a study on gene expression differences in peripheral leukocytes from human smokers versus non-smokers (Lampe et al., 2004) , genes were identified that significantly correlated with plasma cotinine levels, and their expression profiles accurately distinguish smokers from non-smokers. Importantly, another recent study on radiation exposure found in vivo gene expression patterns in blood to be similar to previously observed in vitro patterns in quiescent lymphocytes (Amundson et al., 2004) .
These human studies demonstrate the potential of gene expression profiling (in surrogate cells) in human biological monitoring studies. Furthermore, following an in vitro approach on gene expression profiling in human PBMC for the effects induced by ionizing radiation, Amundson et al. (2000) have suggested that estimates of environmental radiation exposure may be provided by gene expression analyses in PBMC.
The aim of the present study was to investigate in vitro the gene responses induced by genotoxic carcinogens present in cigarette smoke. To this end, we used cDNA microarray technology in a cellular model that best mimics the human in vivo situation as applied in biomonitoring studies (thus quiescent PBMC). Knowledge about these effects might aid in identifying potential biomarker genes for biomonitoring studies. Whether gene expression profiles are applicable for that purpose should be established in well-designed future studies on humans who have been exposed to genotoxic carcinogens.
MATERIALS AND METHODS
Study design. The cell treatments were designed to represent the processes in vivo as much as possible. First, quiescent human PBMC were chosen rather than mitogen-activated cells. Human S9-mix was added to the treatment cultures. Because cigarette smoke compounds first pass the lung and only after absorption enter the blood and go through the liver, a mixture of S9 from human lung and liver was applied. Exceptions were made for treatments with H 2 O 2 , because S9 inactivates H 2 O 2 . Also, because smokers are chronically exposed to cigarette smoke and its compounds are deposited in the lung, we chose to apply a long exposure period (18 h) rather than a pulse treatment (4-6 h). The 18-h period seemed appropriate because other investigators have shown that, in general, deregulation of gene expression was larger and more genes were deregulated after approximately 24 h than after 4, 48, or 72 h (Amundson et al., 2000; Hu et al., 2004) . Furthermore, in many in vitro studies, an 18-24-h exposure period is common for investigation of genotoxicity (Kirsch-Volders et al., 2003; Moore et al., 2002) . Cigarette smoke condensate (CSC)-DNA adducts were measured to investigate the physiological relevance of the concentrations we applied in vitro, in comparison to adduct levels observed in smokers.
Test chemicals and materials. All chemicals were purchased from SigmaAldrich (St. Louis, MO) unless stated otherwise. KCl and Mg 2 Cl were from Merck AG (Darmstadt, Germany). Glucose-6-phosphate was from Boehringer Mannheim (Indianapolis, IN), glucose-6-phosphate dehydrogenase and NADP were from Roche Diagnostics (Mannheim, Germany), L-glutamine, penicillin/ streptomycin, and fetal calf serum were from Gibco (Paisley, UK). Trizol and RPMI1640 medium were from Life Technologies (Breda, the Netherlands), and Lymphoprep was from Nycomed (Oslo, Norway).
Chemical carcinogens used in this study were CSC, benzo(a)pyrene (BaP), 4-(methylnitrosamino)-1-(3-pyridinyl)-1-butanone (NNK, Toronto Research, North York, Canada), 4-aminobiphenyl (4-ABP), and hydrogen peroxide (H 2 O 2 ). BaP, NNK, and 4-ABP are frequently investigated compounds representing three major classes of carcinogens present in cigarette smoke, i.e., polycyclic aromatic hydrocarbons, nitrosamines, and aromatic amines. Hydrogen peroxide was included as a surrogate for the oxidative stress induced by cigarette smoking. Cigarette smoke condensate was generated from 45 Kentucky 2R4F reference cigarettes on a 20-port Borgwaldt smoking machine under standardized ISO conditions, i.e., 35 ml per 2 sec puff, 1 puff/min (kindly provided by Dr. K. Rustemeier, INBIFO, Cologne, Germany; Rustemeier et al., 2002) . The CSC stock solution was in dimethyl sulfoxide (DMSO) at 100 mg total particulate matter (TPM) per milliliter.
Composition of cigarette smoke condensate. The composition of CSC with respect to polycyclic aromatic hydrocarbons was analyzed by high performance liquid chromatography (HPLC) according to the National Institute for Occupational Safety and Health (NIOSH) protocol issue 3 (Eller, 1984; NIOSH, 1998) . The average concentration of BaP was 21.27 ng/ml (83 lM). The NNK and 4-ABP concentrations were determined by standard GC/MS (mass resolution 10,000) and were 161.0 ng/ml (770 lM) ± 11% and 57.33 ng/ml (338 lM) ± 32.2%, respectively.
Collection of blood samples. Buffy coats of 500 ml whole blood from seven healthy non-smoking donors (age range: 20-50 years) were randomly obtained from Sanquin Blood Bank Limburg in Maastricht. Donors gave written informed consent. One buffy coat was sufficient for assessing gene expression profiles of two agents at three concentrations and a concomitant vehicle control.
PBMC isolation. Human PBMC were isolated from buffy coat through gradient centrifugation using Lymphoprep in Leucosep filter tubes (Greiner Bio-One, Frickenhausen, Germany) according to the manufacturer's protocol. Finally, cells were resuspended in Roswell Park Memorial Institute (RPMI) 1640 medium, supplemented with 10% heat-inactivated fetal calf serum, Lglutamine (2 mM), and penicillin/streptomycin (penicillin 50 U/ml and streptomycin 50 lg/ml) at 6-8*10 6 cells/ml. Cells were quiescent, meaning that no mitotic stimulation was applied.
Metabolic activation system. S9 fractions of human liver and human lung were used for metabolic activation of the carcinogens. Pooled human liver S9 fraction from 15 donors (males and females) was purchased from In Vitro Technologies (Baltimore, MD). Human lung S9 fractions were prepared from healthy tissue of four different patients who had undergone lung tumor surgery at the Maastricht Academic Hospital. Liver and lung S9 fractions were mixed, with each covering 15% of the total S9 mix, which furthermore consisted of 32 ll 1M KCl, 31 ll 0.25 M MgCl 2 *6H 2 O, 24.3 ll 0.2 M glucose-6-phosphate, 26 ll 140 U/ml glucose-6-phosphate dehydrogenase, and 97.4 ll 0.04 M NADP with 204.5 ll MQ and 292 ll 13 (PBS) per milliliter (Gonzalez Borroto et al., 2001) .
Toxicity testing. Toxicity levels of the agents were determined by flow cytometry analysis. Briefly, PBMC were exposed for 18 h to the test agents in wide concentration ranges (CSC from 18 to 500 lg/ml, BaP from 0.1 to 100 lM, NNK from 2 to 2000 lM, 4-ABP from 0.1 to 100 lM, and H 2 O 2 from 3*10 ÿ5 to 0.3% (v/v)), all in the presence (10% v/v) and absence of S9-mix, and at least in duplicate. After exposure, propidium iodide was added (20 lg/ml). Propidium iodide intercalates with DNA and only stains dead cells because of the membrane impermeability of viable cells. Samples were analyzed on a FACSort flow cytometer (Becton Dickinson, Heidelberg, Germany). Based on a forwardsideward scatter plot, 10,000 PBMC were analyzed for cytotoxicity (number of stained cells as percentage of total cell count).
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In vitro exposure. Peripheral blood mononuclear cells were exposed continuously for 18 h to three concentrations of each agent at 37°C in a total volume of 5 ml (6-8*10 6 cells/ml) in 15 ml polypropylene conical tubes (Greiner BioOne). Cigarette smoke condensate, BaP, 4-ABP, and NNK exposures took place in the presence of S9 mix (10% v/v), H 2 O 2 exposure without metabolic activation (S9 inactivates H 2 O 2 ). Control cells were exposed to the vehicle solvents only; i.e., DMSO (CSC, BaP, 4-ABP, and NNK) or PBS (H 2 O 2 ). Control cells always originated from the same buffy coat as the treated cells. After 18 h, tubes were chilled on ice and centrifuged at 2503 g for 15 min. Cells were lyzed and homogenized in 1 ml Trizol/10 7 cells for RNA stabilization and subsequent RNA isolation. Independent treatments with cells from different donors were performed twice for the low and medium concentrations of the individual agents, and three times for the high concentrations of the individual agents, and for all concentrations of CSC. We believe that by investigating effects in cells from three different donors, a reasonable estimation is obtained of the gross effects that may occur in the human population. This conclusion is based on variations observed in comparable studies on PBMC in vitro (Amundson et al., 2000; Ryder et al., 2004) .
Total RNA isolation. Total RNA was isolated by a combination of two methods. First, total RNA was isolated using the Trizol method, according to the manufacturer's protocol. Next, RNA was purified using the RNeasy Mini Kit (Qiagen) according to the manufacturer's protocol. RNA was dissolved in diethylpyrocarbonate (DEPC)-treated, RNase-free, water. Purity was tested spectrophotometrically and considered suitable for further processing at 260/ 280 ratios of >1.7. Integrity was tested by lab-on-a-chip technology on the BioAnalyzer (Agilent, Palo Alto, CA), and RNA was considered to be intact when showing two distinct bands for the 18S and 28S ribosomal RNA.
cDNA labeling and microarray hybridization. Reverse transcription was carried out on 10 lg of total RNA with minor modifications according to the TIGR protocol for aminoallyl labeling for microarrays (Hasseman, 2002) . Finally, the test and accompanying control samples were mixed and dried in vacuo. As technical replicates, each test sample was hybridized twice against its concomitant vehicle control; once Cy5 labeled (control Cy3) and once Cy3 labeled (control Cy5). Samples were hybridized under a coverslip to spotted glass PHASE-1 Human 600 cDNA microarrays (PHASE-1 Molecular Toxicology, Santa Fe, NM) according to the manufacturer's protocol. These microarrays contain 597 toxicologically relevant human genes in quadruplicate (in a 2 3 2 design) representing several gene categories, such as apoptosis, cell proliferation, cell cycle, DNA damage and repair, inflammation, metabolism, oxidative stress, peroxisome proliferators, transport, and cell environment. Each gene is represented on the array in quadruplicate, which adds to a lower inter-and intra-assay variability. Samples were dissolved in 30 ll hybridization buffer containing 50% formamide, 53 SSC; 0.1% sodium dodecyl sulfate (SDS), and 100 lg/ml salmon sperm DNA. Samples were denatured for 5 min at 95°C, centrifuged at maximal speed for 3 min, and kept at 70°C until hybridization. Then, 25 ll was placed on the microarrays and incubated in hybridization chambers (Corning Inc., Corning, NY) overnight (18 h) in a water bath at 42°C. After hybridization, slides were dipped in 23 SSC at 34°C to remove the coverslips. Thereupon, slides were washed in 23 SSC/0.1% SDS, 0.13 SSC/0.1% SDS, and 0.13 SSC for 5 min each. Finally, slides were washed in 0.13 SSC at 32°C and spun to dry. Microarrays were scanned within 3 days and stored in a dark, dry environment.
Image and data analysis. Microarrays were scanned on the Affymetrix GMS 418 scanner (Santa Clara, CA) at a fixed photomultiplier gain of 65 and a variable laser power, such that no spots were saturated. Cy5 and Cy3 fluorescent signals were scanned in separate channels. TIFF graphics were imported pairwise (Cy5 and Cy3) in ImaGene 5.0 (BioDiscovery, Marina del Rey, CA) for image analysis, resulting in raw data files with average pixel intensities for every spot and its local background. Poor spots were manually flagged (these are spots that are not well processed by ImaGene, generally due to severe blurring or contamination with a dust particle). Raw data files were imported in GeneSight 4.0 (BioDiscovery) for further data analysis. First, for every spot, local background was subtracted, and then manually flagged poor spots and spots with low expression levels (<5 mean pixel intensities) were eliminated. After log2 transformation of the remaining data, LOWESS normalization was performed on all genes with a smoothing factor of 0.2, and the difference of each test relative to concomitant vehicle control samples was calculated. Finally, replicate spots and arrays were averaged for each gene, omitting outliers with >2 standard deviations. The transformed, normalized data can be found online at http://www.grat.unimaas.nl/MAdata-DvLetal-TS2005.htm.
To identify differentially expressed genes, t-tests were performed on the difference data of all genes for each concentration of each agent relative to a set of four self-self hybridizations. In a self-self hybridization, two aliquots of the same RNA sample were hybridized against each other, which resulted in the estimation of the experimental variation. The t-tests were performed with Holm's p value adjustment, to reduce the number of false positives, with significance levels of p < 0.001, p < 0.01, and p < 0.05. Further t-tests were performed without Holm's adjustment. Also, for every agent, an analysis of variance (ANOVA) test was performed, including all concentrations and the self-self hybridizations, to reveal genes with dose-response relationships. For these analyses, the same restrictions regarding the Holm's adjustments and p values were maintained as described above. Because this is an initial exploratory study, we did not target the aspect of interindividual variations; this will be the subject of future in vivo investigations. Therefore, the data of all donors were pooled for each concentration and each agent.
Annotation and ontology analyses were done using the Database for Annotation, Visualization and Integrated Discovery (DAVID, http://apps1. niaid.nih.gov/David) . Analyses of overrepresentation of specific biological pathways by selected genes compared to all genes present on the microarrays was conducted with the online tool Expression Analysis Systematic Explorer (http://david.niaid.nih.gov/david) .
Quantitative real-time PCR. Quantitative real-time polymerase chain reaction (PCR-qPCR) was performed to quantitate mRNA levels of a selection of genes in order to verify expression changes resulting from the microarray experiments. cDNA was prepared from 1 lg total RNA using random hexamer primers and SuperScript II reverse transcriptase (Invitrogen, Life Technologies) and used for real-time qPCR with the qPCR Core Kit for SYBR Green I, according to the manufacturer's instructions (Eurogentec, Seraing, Belgium). All PCR reactions were performed in duplicate. b-actin was used as reference in order to normalize expression levels and to quantitate changes in gene expressions between the control and treated samples. The qPCR was run on the ABI Prism 7500 Sequence Detector (Applied BioSystems, Foster City, CA): 2 min at 50°C, 10 min at 95°C, and 40 cycles of 95°C for 15 s and 60°C for 1 min. The following forward and reverse primers were used (OPERON, 5#-3# sequences):
IL1b CTGAGCTCGCCAGTGAAATG (forward) and TTTAGGGCCATCAGCTTCAAA (reverse), IL6 TCCAGGAGCCCAGCTAT-GAA (forward) and GAGCAGCCCCAGGGAGAA (reverse), TGM2 GGGCTCGGCCAAGTTCAT (forward) and TCTAGAAGGATCAGGCA-GATGTCTAG (reverse), SERPINB2 GGGCTTTATCCTTTCCGTGTAA (forward) and TTAGCTTTTCACGCAAGTACATCAT (reverse) and b-actin CCTGGCACCCAGCACAAT (forward) and GCCGATCCACACGGAGTACT (reverse). Dissociation curve analysis was performed and ''no template controls'' were analyzed to check for nonspecific products in the reaction. For each sample, the quantity was derived from DCt ¼ Ct (target gene) -Ct (b-actin reference). These values were log2 transformed, and the difference of each test relative to their concomitant vehicle control sample was calculated.
DNA-adduct analysis. Aromatic DNA adduct levels were assessed by 32 Ppostlabeling. DNA was isolated from the CSC Trizol samples of three donors according to the manufacturer's instructions. The 32 P-postlabeling procedure was conducted as originally described by Reddy and Randerath (1986) with minor modifications as described by Godschalk et al. (1998) . Two DNA samples with known levels of modification (1 adduct per 10 7 and 10 solvent systems described by Godschalk et al. (1998) . Chromatograms were visualized and quantified using a FLA-3000 Fuji Phosphor Imager (Fuji, Paris, France) with AIDA/2D Densitometry software.
RESULTS

Toxicity Tests
Concentration levels for the gene expression studies were based on cytotoxicity assessment by flow cytometry analysis of treated cells. Except for H 2 O 2 in the absence of S9, none of the agents showed substantial toxicity at the tested concentrations as cytotoxicity levels were always <10%. For H 2 O 2 , 1*10 ÿ3 % (v/v) showed a cytotoxicity of 34% (mean of 4 donors, ranging from 17% to 83%) whereas 3*10 ÿ4 % (v/v) showed 23% toxicity (4 donors, ranging from 4% to 68%) and 1*10 ÿ4 % showed 3% toxicity (average 2 donors).
Gene Expression Analyses
Human PBMC were in vitro exposed to CSC, BaP, 4-ABP, NNK, or H 2 O 2 at three concentrations, followed by analyses of altered mRNA levels by cDNA microarrays. Differentially expressed genes per agent and concentration (to be viewed online at http://www.grat.unimaas.nl/MAdata-DvLetal-TS2005.htm) were identified by t-testing against self-self hybridizations and for concentration-related effects of each agent by ANOVA of the three concentrations combined with self-self hybridizations. The numbers of significant gene expression modulations in the various tests are shown in Table 1 .
To identify candidate biomarker genes suitable for human biomonitoring studies, two approaches were followed: We first looked for genes that were modulated by all agents, as these genes, when affected in the same direction by all agents, may be specific for genotoxic stress to PBMC without discriminating the type of agent. Figure 1 shows an adaptation to the three-ring Venn diagram, presenting the numbers of genes that were differentially expressed by CSC and one or more of the other agents. The intersection of all areas, the center of the diagram, contains 16 genes that were differentially expressed by all agents (at p < 0.05). Interleukin-6 (IL6), platelet/endothelial cell adhesion molecule-1 (PECAM1), and spermidine/spermine N1-acteyltransferase (SAT) were most significantly modulated ( p < 0.01 without Holm's adjustment). A heat map presenting expression differences for all 16 genes is shown in Figure 2 . None of the genes appears to be affected in the same direction by all agents, but the direction of deregulation differs per agent. Therefore, these genes appear not useful as general biomarker for exposure to genotoxic carcinogens.
Second, we searched for the most sensitive genes per agent, meaning that they responded at low or medium concentration, and with high significance ( p < 0.05 with Holm's p value adjustment; see Table 1 ). This should yield agent-specific genes. The differential expression for these genes is shown in Figure 3 . As is clear, CSC caused the largest effect on the gene 
FIG. 1.
Diagram of genes modulated by both CSC and one or more of the individual agents. Numbers in specific areas represent numbers of differentially expressed genes by CSC and the specific agent(s) (unions of all tests at p < 0.05 without Holm's adjustment; see Table 1 ). Gene names in the middle section indicate the 16 genes that were differentially expressed by all agents at p < 0.05, and bold and underlined names indicate genes differentially expressed at p < 0.01.
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expression profile. The effects induced by the other agents are less pronounced. For BaP, NNK, and H 2 O 2 often a less than twofold induction or suppression is observed. Only 4-ABP caused clear concentration-related effects for several genes. Furthermore, the data show that the effects caused by CSC are far more complex and cannot be accounted for by a simple addition of the results for the other individual agents. For the agent-specific genes that showed a more than twofold difference ( p < 0.05 with Holm's adjustment; Fig. 3 ), information about molecular function and biological process is shown in Table 2 .
To validate expression changes resulting from the microarray experiments, real-time qPCR was performed to quantify mRNA levels for the main agent-specific deregulated genes, i.e., IL1b, IL6, TGM2 and SERPINB2 for CSC, SERPINB2 for BaP, and IL1b, IL6 for 4-ABP (Fig. 4) . All these real-time-PCR data confirmed the microarray data.
DNA-Adduct Analysis
In addition to the gene expression analyses, PAH-DNA adduct levels were measured in the CSC-treated samples and the controls by 32 P-postlabeling. In the exposed samples, elevated numbers of adducts were measured when compared to the control samples, showing a concentration-effect relationship (Table 3 ).
DISCUSSION
Our scope was to examine in vitro in a cellular model that best mimics the human in vivo situation as applied in biomonitoring studies (thus quiescent PBMC), the gene responses induced by genotoxic carcinogens present in cigarette smoke. To this end, we used a cDNA microarray technology. Knowledge about these effects may aid in identifying potential biomarker genes for which expression changes can be applied as a biomarker of early effect in biomonitoring studies. For this purpose, we evaluated effects of CSC and a selection of its major carcinogenic constituents on human quiescent PBMC in vitro. Here we report the induction of differential gene expression in this model and our approach to identifying candidate biomarker genes. The present study demonstrates that gene expression in PBMC can be significantly modulated in vitro by exposure to genotoxic chemicals. By exposing human PBMC in vitro to CSC, BaP, NNK, 4-ABP, and H 2 O 2 , we identified genes that were differentially expressed by all agents (the intersection for all agents from Figure  1 ), as well as differentially expressed genes for each agent individually (differentially expressed at the two lowest concentrations; see Figure 3 ). We hypothesize that these genes are most promising for future biomonitoring purposes in human population studies.
Genes that were modulated by all agents can be considered to represent a general response to genotoxic stress, as the genes responded to each agent investigated in this study. Thus, hypothetically, monitoring the expression levels for these (groups of) genes in a biomonitoring study may discriminate persons exposed to toxic agents from those who have not been exposed, without discriminating the type of toxicant. This requires that the deregulation must be robust and in the same direction for all agents. However, the heat map presenting expression changes for all 16 genes shows that this is not the case (Fig. 2) . None of the genes appeared to be consistently affected in the same direction by all agents, but the direction of deregulation rather appeared to be agentspecific. Therefore, we conclude that these genes are not useful as a generic biomarker for exposure to genotoxic carcinogens in biomonitoring studies.
The genes differentially expressed at the lowest and/or medium concentrations for any agent can be regarded as the most relevant agent-specific genes. Of all agents studied, CSC induced alterations in the largest number of genes (Table 1, Fig. 3 ). For a number of genes, dose-related effects from low to high concentrations were found (e.g., for TGM2, ATF3, ENO1, and VEGF), whereas for other genes, constant expression changes were observed (CSF1R, SSP1, and SERPINB2). The latter finding may be due to saturation and would thus require exposure to lower concentrations of CSC to avoid this effect. For several genes, modulation of gene expression did not show a clear concentration-response relationship. Especially the highest concentration deviated, which in some cases caused a reversal of the expression change (e.g., for IL1b, IL6, and PTGS2). As this reversal has been independently observed for PBMC from several donors, it does not reflect inaccuracy of the method. Furthermore, the qPCR analyses confirm the microarray data (compare Fig. 3, Fig. 4) . Presumably, the change in the direction of deregulation is due to pre-cytotoxic processes that might have been induced by the highest CSC concentration, but that were not yet apparent in our cytotoxicity tests.
DNA-adduct levels in CSC-exposed cells showed a clear concentration-related effect. The DNA-adduct data confirm that the lowest CSC concentration was physiologically relevant, because the adduct level at this concentration is comparable to that in lymphocytes from smokers (Nia et al., 2000) . Therefore, induced gene expression profiles can be considered physiologically relevant as well.
A response of the PBMC to CSC or BaP exposure that could have been expected in advance concerns the differential expression of genes regulated by the aryl hydrocarbon receptor (AhR). This receptor is known for its induction of several genes, such as cytochrome P450 1A1, 1A2, and 1B1, in response to exposure to these agents (Dertinger et al., 2001) . In mitogen-activated lymphocytes, indeed CYP1A1 and CYP1B1 are inducible by TCDD, a very potent inducer of AhR activity (Landi et al., 2003) . However, in quiescent lymphocytes this induction does not seem to occur, because the long-term presence of dioxin in the human body does not result in an increase in AhR pathway responsiveness (Landi et al., 2003) . In our study, differential gene expression of AhR-related genes could not be demonstrated, which indicates that the AhRsignaling pathway is not very active in quiescent PBMC, a finding that agrees with the population study by Landi et al. (2003) . In a comparable gene expression study in HepG2 cells, FIG. 3 . Differential expression of all genes that were significantly modulated at low and/or medium concentrations (p < 0.05 with Holm's adjustment; see Table 1 ). Error bars represent standard errors. An asterisk indicates if a gene was significantly differentially expressed at the low concentration. Receptor for CSF1 that controls production, differentiation, and function of macrophages the AhR-related genes were activated by BaP (van Delft et al., 2004) , thus showing that the technology is sufficiently sensitive. Furthermore, in our study DNA damage-response genes and DNA repair-related genes hardly showed modulations of their expression. None of the DNA damage-response genes regulated by p53 and induced in exposed HepG2 cells, such as BAX, CDKNA2, and GADD45 (van Delft et al., 2004) , were significantly affected in PBMC. In contrast, CSC, BaP, and NNK exposed cells did show one significantly deregulated DNA repair gene each, namely XRCC1, XRCC5, and ERCC5, respectively (Fig. 3) . In all cases, however, a downregulation was observed where upregulation would be Note. Detailed information is only provided for the agent-specific genes with an expression difference at least twofold (>1 or <-1 at the log2-scale of Fig. 3 ). From the subset of genes that most sensitively responded to the exposures, we specifically focused on the genes that showed at least a twofold (ÿ1 expression difference 1; see Fig. 3 ) upregulation or downregulation. These are CSF1R, CXCL2, SPP1, SERPINB2, TGM2, PTGS2, ATF3, ACO1, ENO1 (for CSC), SERPINB2, PCK2 (for BaP), ERCC5, APG5L (for NNK), IL1b, IL6, IL8, HAMP, SCP2, and ACO1 (for 4-ABP). Annotation analyses by DAVID (http://david. niaid.nih.gov/david) showed that 8 of these genes were involved in or associated with immune response, 10 in metabolism, 4 in apoptosis, 5 in cell proliferation, and 5 in signal transduction (see also Table 2 ). Analysis of overrepresentation of specific biological pathways in this selection of genes compared to all genes present on the microarrays by EASE (http://david.niaid.nih.gov/david), showed that biological processes involved in immune and defense response were most significantly affected (Fisher exact test p values 0.00031 and 0.00036). This emphasizes that in vitro exposure of PBMC to these agents particularly activates biological pathways that are involved in defense response implicating genes of the immune system. Whether this relates to the fact that we used PBMC, which are involved in immune response and therefore may be more responsive in these pathways, or alternatively that many genotoxicants are also immunotoxicants (Nordskog et al., 2003; van Grevenynghe et al., 2004) , remains unanswered. The absence of modulation of DNA damage response pathways may indicate that rather nonspecific responses were induced, but it might also imply that DNA damage response pathways are not induced because quiescent cells were exposed. To investigate this matter further, it would be prudent to follow up our experiments with a selection of other classes of toxic agents (e.g., nongenotoxic agents) and with mitogen-stimulated PBMC.
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EASE analyses per agent, showed that CSC significantly affected the immune/defense response (Fisher exact test p value 0.00016 to 0.004), and that 4-ABP affected immune/defense response and regulation of cell proliferation (p value 0.00016 to 0.002), whereas for BaP, NNK, and H 2 O 2 no specific biological processes were significantly affected. It is remarkable that 4-ABP was consistently shown to influence expression of immune response-related genes, and that the change was in the opposite direction of that observed with CSC. It is likely that the suppressed expression has repercussions for the functionality of the cells. Yet, immunotoxicity of 4-ABP has not been reported. As such, these observations warrant a study of potential immunotoxicity of this agent. It is noteworthy that BaP failed to influence expression of immune response-related genes, whereas BaP is a known immunotoxic agent (De Jong et al., 1999) . BaP possibly induces immunotoxicity through the Ah receptor, which is hardly expressed in lymphocytes, as discussed above for the absence of the AhR response.
The genes that were differentially expressed by a specific agent, especially at the lowest concentrations, can be considered to represent agent-specific responding genes (Fig. 3) . Thus, hypothetically, monitoring the expression levels for these (groups of) genes in a biomonitoring study may discriminate persons exposed to the specific agents from those who are not exposed. Taking into account that only CSC and 4-ABP caused concentration-related effects for several genes, possibly only gene expression analyses related to exposure to these agents might be sufficiently achievable.
Taking into account the microarray and qPCR data, we believe that IL1b, IL6, TGM2, and SERPINB2 are the most 1.39 ± 0.18 Medium (100 lg/ml)
1.55 ± 0.28 High (300 lg/ml) 3.56 ± 0.82
FIG. 4.
Gene expression analyses by real-time qPCR to validate the most relevant of the differentially expressed genes identified by the microarray study for CSC, BaP, and 4-ABP (see Fig. 3 ). Error bars represent standard errors of the mean.
208 VAN LEEUWEN ET AL. at Pennsylvania State University on February 23, 2013 http://toxsci.oxfordjournals.org/ promising potential biomarker genes for effects caused by cigarette smoke exposure, where the effects on SERPINB2 may be ascribed to BaP or possibly other polycyclic aromatic hydrocarbons present in cigarette smoke. As mentioned earlier, it seems not possible to identify (profiles of) genes that can be used as general biomarker for genotoxic agent exposure, but before reaching a final conclusion on this, these in vitro experiments should be followed by studies on humans who are heavily exposed to cigarette smoke. Therefore, our current study must be seen as an initial, exploratory step in the development of gene expression profiles as biomarker of early effect.
To date, several other in vitro and in vivo studies on gene expression profiling in PBMC following exposure to a carcinogenic agents like cigarette smoke and ionizing radiation have been published (Amundson et al., 2000 (Amundson et al., , 2004 Lampe et al., 2004; Ryder et al., 2004; Wu et al., 2003) . These studies show that expressions of genes involved in inflammation or immune response were frequently modulated. Also, a study has been published on acute inflammatory response in human bronchial epithelial cells, a target cell for cigarette smoke exposure, which describes increased expression of IL1b, IL6, and IL8 induced by in vitro exposure to CSC (Hellermann et al., 2002) . This substantiates our observations in PBMC in vitro.
For SERPINB2, which has plasminogen activation regulation as its main function, induction by TCDD exposure has been observed in monocytic U937 cells (Gohl et al., 1996) . TGM2 catalyzes protein cross linking, and its activity has been shown to be increased in apoptotic hepatocytes (Fesus et al., 1987) , suggesting a role for the gene in regulation of cell death. However, we cannot address the relevance of this for our findings.
In our study, we used PBMC as surrogate targets cells for effects that may occur in the true targets organs in vivo, as this is also the approach in biomonitoring studies of human populations. In human volunteers it is, a priori, not possible to investigate biological effects in cells from target organs like lung and liver (Godschalk et al., 2000; Rockett et al., 2004) . A critical question is whether effects in PBMC at gene expression level are comparable to effects in target organs. To our knowledge, this has not yet been investigated in humans or animals.
In summary, our study demonstrates that cigarette smoke condensate and its constituents caused gene expression changes in human PBMC in vitro. The identified differentially expressed genes have the potential to become marker genes for population studies on biological effects caused by cigarette smoke exposure. However, these findings need to be substantiated in vivo.
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